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Abstract. Continental collision is an intrinsic feature of plate
tectonics. The closure of an oceanic basin leads to the onset
of subduction of buoyant continental material, which slows
down and eventually stops the subduction process. In nat-
ural cases, evidence of advancing margins has been recog-
nized in continental collision zones such as India-Eurasia
and Arabia-Eurasia. We perform a parametric study of the
geometrical and rheological inﬂuence on subduction dynam-
ics during the subduction of continental lithosphere. In our
2-D numerical models of a free subduction system with tem-
perature and stress-dependent rheology, the trench and the
overriding plate move self-consistently as a function of the
dynamics of the system (i.e. no external forces are imposed).
This setup enables to study how continental subduction inﬂu-
ences the trench migration. We found that in all models the
slab starts to advance once the continent enters the subduc-
tion zone and continues to migrate until few million years
after the ultimate slab detachment. Our results support the
idea that the advancing mode is favoured and, in part, pro-
vided by the intrinsic force balance of continental collision.
We suggest that the advance is ﬁrst induced by the locking
of the subduction zone and the subsequent steepening of the
slab, and next by the sinking of the deepest oceanic part of
the slab, during stretching and break-off of the slab. These
processes are responsible for the migration of the subduction
zone by triggering small-scale convection cells in the mantle
that, in turn, drag the plates. The amount of advance ranges
from 40 to 220km and depends on the dip angle of the slab
before the onset of collision.
1 Introduction
Slab pull caused by the negative buoyancy of subducting
oceanic lithosphere represents a main driving contribution
for plate motion (e.g. Elsasser, 1969; Forsyth and Uyeda,
1975). When continental lithosphere enters the subduction
zone, its positive buoyancy acts as a resisting force to sink-
ing and, therefore, leads to a slowdown, and eventually to the
end of subduction (e.g. McKenzie, 1969; Cloos, 1993). After
continental collision, different scenarios may occur: (1) con-
tinental crustal material arrives at the trench and subducts
together with the lithospheric mantle (e.g. Ranalli et al.,
2000; Regard et al., 2003; Toussaint et al., 2004); (2) part
of the continental buoyant crust is delaminated from the
lithospheric mantle and accreted onto the overriding plate,
allowing continuation of plate convergence (delamination)
(e.g. Cloos, 1993; Chemenda et al., 1996; Kerr and Tarney,
2005; Vos et al., 2007) or (3) the slab breaks off as a conse-
quence of tensile stress from the pull of the sinking oceanic
lithosphere in the mantle connected to the continental part
of the plate (e.g. Wortel and Spakman, 1992; Davies and
von Blanckenburg, 1995; Wong-A-Ton and Wortel, 1997;
Duretz et al., 2011; van Hunen and Allen, 2011). Which sce-
nario takes place depends on several factors including con-
vergence rate, thickness, rheological and physical composi-
tion and thermal structure of the continental lithosphere (van
den Beukel and Wortel, 1987). De Franco et al. (2008) sug-
gested that the geometry of the incoming continental plate,
thetectonicsetting,therheologyandthelengthofthesinking
oceanic plate control whether the incoming crust subducts
entirely, separates partially or entirely from the lithospheric
mantle or blocks the trench, likely leading to slab break-off.
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In many areas where continental collision occurs, seis-
mic tomography has revealed the presence of gaps in the
subducting lithosphere, interpreted as evidence of detached
lithosphere within the slab (e.g. Mediterranean, Carpathians,
eastern Anatolia) (Carminati et al., 1998; Wortel and Spak-
man, 2000; Faccenna et al., 2004; Piromallo and Faccenna,
2004; Faccenna et al., 2006; Hafkenscheid et al., 2006; Lei
and Zhao, 2007). Other suggestions of slab detachment have
been provided by geochemical studies of magmatism in col-
lision zones (Keskin, 2003; Ferrari, 2004; Qin et al., 2008).
Buoyancy analyses (Cloos, 1993) show that oceanic plateaus
withabnormallythickbasalticcrustresistsubductionandcan
cause collisional orogenesis. Many authors proposed that, af-
ter the collision, the anomalously thick lithosphere of the On-
tong Java Plateau jammed the trench that led to the break-off
of the Paciﬁc Plate (Hall and Spakman, 2002) and ultimately
to a reversal of subduction polarity (Petterson et al., 1997;
Knesel et al., 2008).
Once the continental collision occurs, the position of the
trench becomes a zone that marks a suture between the two
plates. The mechanisms that drive the motion of this zone
during the evolution of collision are still poorly understood.
The combination of geological observations, such as struc-
tural and volcanological data, with interpretation of tomo-
graphic images may provide insights to infer the tectonic
evolution of the collisional system.
The trench migration has been largely studied only for
purely oceanic subducting plates. Many authors suggested
that in these scenarios trenches can both advance and retreat
(e.g. Carlson and Melia, 1984; Jarrard, 1986; Garfunkel et
al., 1986; Heuret and Lallemand, 2005). Laboratory (Funi-
ciello et al., 2003a; Bellahsen et al., 2005) and numerical
(Funiciello et al., 2003b; Stegman et al., 2006; Di Giuseppe
et al., 2008; Di Giuseppe et al., 2009; Capitanio et al., 2010b)
models of oceanic subduction showed that trench migra-
tion is controlled by geometrical (thickness and width of
the plate) and rheological (density contrast, viscosity ratio)
parameters of the subducting lithosphere. In the continen-
tal subduction scenario, Royden (1993) proposed the same
two end-member classes: the advancing style (e.g. Alps
and Himalayas) and the retreating style (e.g. Apennines and
Carpathians). In the retreating subduction system, the litho-
spheric mantle detaches from the buoyant continental crust
and it keeps subducting into the mantle (Cloos, 1993; Kerr
and Tarney, 2005; Brun and Faccenna, 2008; Bialas et al.,
2010). This crustal delamination process is possible if there
is a layer of weak material within the continental crust, for
example, the lower crust (Ranalli et al., 2000; Toussaint et
al., 2004; Gogus et al., 2011). In contrast, in advancing sub-
duction systems, hundreds of kilometres of continental litho-
sphere can subduct without signiﬁcant crustal delamination
(Royden, 1993).
Evidence of advancing margins has been recognized in
continental collision zones (e.g. Replumaz et al., 2010;
Hatzfeld and Molnar, 2010 and reference therein). Trench
advance has been observed also in the Melanesian arc sys-
tem where the Ontong Java Plateau (Hall, 2002), the largest
igneous province on Earth, collided with the arc between
25Ma (Knesel et al., 2008) and 10Ma (Mann and Taira,
2004). The overturned morphology of the subducted litho-
sphere inferred from tomographic images in continental col-
lision zones like the India-Eurasia (Replumaz et al., 2004;
Replumaz et al., 2010) and the Arabia-Eurasia (Faccenna et
al., 2006; Hafkenscheid et al., 2006) systems suggests the
occurrence of an advancing migration of the plate margin.
For the advancing case, the driving forces are debated. The
advancing motion is often explained with far ﬁeld stresses
related to global plate motion that push the plates and force
the slab to migrate towards the overriding plate. For example,
to explain Indian indentation rates, the ridge push of Indian
Ocean (Chemenda et al., 2000), the presence of the R´ eunion
plume (van Hinsbergen at al., 2011; Becker and Faccenna,
2011) or the pull of adjacent slabs (Li et al., 2008) has been
invoked. Capitanio et al. (2010a) suggested that the dense
Indian continental slab provides a signiﬁcant driving force
for the current India-Asia motion. To explain the advance of
India into the Arabia-Eurasia system, Becker and Faccenna
(2011) proposed that mantle drag exerted on the base of the
lithosphere by a large-scale mantle ﬂow component with an
active upwelling component is likely the main cause for the
ongoing indentation.
In this study, we investigate the dynamic behaviour of the
slab and the margin between the plates during continental
collision without any external forces, i.e. driven entirely by
the changes in the force balance due to the collision process.
We explore the robustness of these results with a parametric
study where geometrical and rheological constraints of the
system are systematically changed in order to deﬁne their
effect on the kinematics of continental collision.
2 Model description
2.1 Numerical methods and governing equations
We use CitCom, a ﬁnite element code that solves thermal
convection problems in a Cartesian geometry (Moresi and
Gurnis, 1996; Zhong et al., 2000). The non-dimensional gov-
erning equations for conservation of mass, momentum, en-
ergy and composition assume incompressible ﬂow and adopt
the Boussinesq approximations:
∇ ·u = 0 (1)
−∇p + ∇ ·(η(∇u + ∇Tu)) (2)
+(RaT + RbC)ez = 0
∂T
∂t
+ u·∇T = ∇2T (3)
∂C
∂t
+ u·∇C = 0 (4)
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Fig. 1. Initial model setup with dimensions and mechanical and thermal boundary conditions. The model domain is 660km deep, and it has
an aspect ratio of 1:5. The continental parts are modelled with a thick lithosphere (yellow) and a 40km buoyant crust (blue). Areas with an
imposed low viscosity (i.e. the reference mantle viscosity) are outlined in red.
with symbols deﬁned in Table 1. The equations are solved
with an iterative conjugate gradient solver. The thermal and
compositional Rayleigh numbers in Eq. (2) are deﬁned, re-
spectively, as
Ra =
αρ0g4Th3
kη0
(5)
Rb =
1ρcgh3
kη0
(6)
where 1ρc= 600kgm−3 is the density difference between
the continental crust (with composition C = 1) and the man-
tle (with C = 0) and 1T is the temperature drop over
model domain. The composition function C is advected
through a particle tracking technique (Ballmer et al., 2007;
Di Giuseppe et al., 2008), in which tracers move with the
ﬂow velocity and give the compositional information to dis-
criminate the buoyant continental crust from the lithospheric
and mantle material. The initial tracer distribution is random
with a minimum density of 40 tracers per element.
The mesh elements are quadrilateral with a linear veloc-
ity and constant pressure, and their size varies from 5km to
15km in each dimension, where the better resolution is used
in the trench region.
2.2 Model setup
Tostudytheeffectofcontinentalcollisiononthedynamicsof
trench migration, we model subduction in a 2-D rectangular
domain. The bottom of the domain corresponds to the upper-
lower mantle discontinuity at 660km, and all models have a
1:5 aspect ratio (Fig. 1).
The closure of an ocean basin and subsequent continental
collision is modelled. In the initial setup, the incoming plate
consists of a subducting oceanic lithosphere with a continen-
tal block initially about 500km from the trench (Fig. 1). The
overriding plate is entirely continental. To initiate subduc-
tion without imposing any external forces, the initial oceanic
slab extends to ∼300km depth and has an initial curvature
radius of 500km. The initial thermal structure of the oceanic
lithosphere is determined by a half-space cooling model for a
50-Myr-old plate (Turcotte and Schubert, 2002). For the con-
tinental lithosphere, temperature extends linearly from 0 ◦C
at the surface to the mantle reference temperature at 150km
depth. A 40-km-deep continental crust is characterized by
positive buoyancy, which creates a resisting force to subduc-
tion when the continental block inside the subducting plate
arrives at the trench. The oceanic lithosphere is modelled
without oceanic crust, since it does not affect the subduction
dynamics signiﬁcantly (Cloos, 1993).
To decouple the converging plates, we impose a narrow
low viscosity zone (Fig. 1) (about 20km wide with a vis-
cosity of 1020 Pas) between the incoming and the overriding
plate for the top 50km and a 200-km-wide mantle wedge
with same viscosity up to 150km depth that simulates the
weakening of the area above the slab due to the slab dehydra-
tion and the mantle hydration (Billen and Gurnis, 2001; van
HunenandAllen,2011).Inourmodels,werefertothetrench
position as the location of the shallow weak zone. In oceanic
subduction, this refers to the area where the subducting slab
begins to descend beneath the overriding plate, whereas, in
continental collision systems, this is a rather wide deforma-
tion zone between the pro- and the retro-wedge (Willet et al.,
1993; Beaumont et al., 1996). For the aim of this study, it is
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Table 1. Symbols, units and default model parameters
Parameters Symbols Value Unit
Rheological pre-exponent A 6.52×106 (Pa−n s−1)
Activation energy E 360 (kJmol−1)
Vertical unit vector ez – (–)
Gravitational acceleration g 9.8 (ms−2)
Rheological power law exponent n 1(diff. c.), 3.5(disl. c.) (–)
Deviatoric pressure p – (Pa)
Lithostatic pressure p0 – (Pa)
Gas constant R 8.3 (Jmol−1)
Thermal Rayleigh number Ra 4.4×106 (–)
Compositional Rayleigh number Rb 1.7×107 (–)
Temperature T – (◦C)
Absolute temperature Tabs – (K)
Reference temperature Tm 1350 (◦C)
Time t – (s)
Velocity u – (ms−1)
Thermal expansion coefﬁcient α 3.5×10−5 (K−1)
Strain rate ˙ ε – (s−1)
Viscosity η – (Pas)
Reference viscosity η0 1020 (Pas)
Maximum lithosphere viscosity ηmax 1023−1024 (Pas)
Friction coefﬁcient µ 0–0.1 (–)
Thermal diffusivity k 10−6 (m2 s−1)
Density contrast 1ρc 600 (kgm−3)
Reference density ρ 3300 (kgm−3)
Stress σ (Pa)
Yield stress τy (MPa)
Surface yield stress τ0 40–200 (MPa)
Maximum yield stress τmax 200–400 (MPa)
Model Geometry
Box height h 660 (km)
Box length l 3300 (km)
Mesh resolution – from 5×5 to 15×15 (km2)
Continental crust: height Hc 40 (km)
Continental crust: length Lc 660 (km)
essential that the trench is allowed to freely migrate. In our
models, the weak zone moves horizontally with the velocity
of the overriding plate: at each time step, the horizontal ve-
locity of a point within the overriding plate and close (about
30km) to the trench is taken from the global model veloc-
ity ﬁeld. This velocity is used to calculate the new position
of the trench. The shallow weak zone between the plates has
a ﬁxed shape, whereas the shape of the weak mantle wedge
changes to follow the variations of the dip of the slab during
the model evolution. The position of a set of a hundred trac-
ers within the slab at a depth interval of 50–150km is used to
re-shape the mantle wedge according to the slab dip. The top
boundary has a ﬁxed temperature of 0 ◦C, whereas the other
boundaries have a ﬁxed mantle temperature Tm = 1350 ◦C.
Velocity boundary conditions are free-slip on all but the bot-
tom boundary, where a no-slip condition is applied to model
the effect of the high viscosity lower mantle acting as a rigid
boundary (Fig. 1). The plates may be allowed to move freely
using 30-km-wide low viscosity areas at both the left and
right top corners of the model domain. The subducting plate
is free to move in all models, whereas the overriding plate is
either free or ﬁxed on the right-hand side (Fig. 1).
2.3 Rheology
The viscosity of the system is temperature and stress depen-
dent. The strain rate is accommodated by both diffusion and
dislocationcreep(HirthandKohlstedt,2003;KaratoandWu,
1993; Korenaga and Karato, 2008). The effective viscosity η
for each mechanism is deﬁned as
η = A˙ ε
1−n
n exp(
E∗
nRTabs
) (7)
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Fig. 2. Results of the reference model C1 (ηmax = 1023 Pas and µ = 0): (a) viscosity plots of the model evolution; arrows show the velocity
ﬁeld. Thick arrows indicate the trench position at each time step; the dotted line shows the trench position at the beginning of the model.
(b) Trench position and (c) trench velocity during model evolution. Dashed lines correspond to panels of the viscosity plots in (a). Negative
velocity indicates trench retreating. Different colours and symbols indicate the four different subduction phases: black triangles (phase 1),
magenta squares (phase 2), grey diamonds (phase 3) and blue dots (phase 4).
with symbols as deﬁned in Table 1. For diffusion creep,
n = 1, whereas we assume n = 3.5 for dry dislocation
creep (Karato and Wu, 1993). The activation energy E∗ =
360kJmol−1 is an average of published values, which vary
from 250 to 540kJmol−1 (Karato and Wu, 1993). In addi-
tion, the viscosity for the yielding mechanisms is calculated
to reduce the strength of the lithosphere:
η =
τy
2˙ ε
(8)
τy is the yield stress described as
τy = min(τ0 + µp0,τmax) (9)
where τmax is the maximum yield stress and τ0 + µp0 is
the Byerlee’s law (Byerlee, 1978), τ0 is the yield stress at the
surface, µ is the friction coefﬁcient, and p0 is the lithostatic
pressure. At any point, the effective viscosity is the minimum
of viscosity values derived from each mechanism described
above. To account for other weakening mechanisms at low
temperatures, we impose a maximum viscosity value, which
is varied between 1023 and 1024 Pas. The same rheology is
assumed for mantle and crustal material without any internal
rheological layering in the lithosphere.
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Table 2. Summary of the models used in this parametric study.
Model Max η (Pa s) µ τ0 (MPa) τmax (MPa) Subducting plate Overriding plate
C1 1023 0 200 200 continental free
C2 1023 0.1 40 400 continental free
C3 1024 0 200 200 continental free
C4 1024 0,1 40 400 continental free
C5 1023 0 200 200 continental ﬁxed
C6 1023 0.1 40 400 continental ﬁxed
C7 1024 0 200 200 continental ﬁxed
C8 1024 0.1 40 400 continental ﬁxed
O1 1023 0 200 200 oceanic free
O2 1023 0.1 40 400 oceanic free
O3 1024 0 200 200 oceanic free
O4 1024 0.1 40 400 oceanic free
3 Numerical results
Weperformedtwosetsofmodelcalculations(Table2).Inthe
ﬁrst set, we investigate the effect of the presence of buoyant
continental lithosphere on trench motion. All models have
the same initial geometry setup. Given the sensitivity of re-
sults to plate strength, differences among the models con-
centrate on two rheological parameters: the maximum vis-
cosity of the lithosphere (ηmax) and the friction coefﬁcient
µ. ηmax varies between 1023 and 1024 Pas, whereas µ varies
between 0 and 0.1. In models with µ = 0, the maximum
yield stress τmax and the surface yield stress τ0 are both 200
MPa, whereas, in models with µ = 0.1, τ0 = 40MPa and
τmax = 400MPa. All of these parameters have a strong inﬂu-
ence on the subduction dynamics, because they control the
strength of the lithosphere and, therefore, its capability to de-
form and bend. We compare these models with a similar set
of models with a purely oceanic subducting plate, i.e. by re-
placingthecontinentalblockwithoceaniclithosphere,which
affects the average density and thermal thickness.
The reference continental model C1 (Fig. 2) has a max-
imum viscosity value of 1023 Pas and depth-independent
yield strength (i.e. µ = 0). The model dynamics can be subdi-
vided into 4 phases: (1) the sinking of the slab into the upper
mantle, (2) the unbending of the slab due to its interaction
with the 660km discontinuity, (3) the arrival of the continent
at the subduction zone and (4) the necking and break-off of
the slab at depth.
In the ﬁrst phase, the trench retreats and its velocity pro-
gressively decreases while the slab approaches the 660km
discontinuity (Fig. 2). The decrease of the retreating veloc-
ity is linked to the fact that the slab steepens. Afterwards,
during the second phase, because of the unbending of the
slab at depth, the retreating velocity increases in order to
accommodate the deep deformation (Fig. 2c). After about
3.5Myr from the beginning of the process, the continental
plate reaches the zone where the slab needs to bend to enter
the trench (phase 3; Fig. 2a). At this stage, the trench veloc-
ity decreases until, at about 5Myr, the continent arrives at the
subduction zone, and the trench starts to advance (Fig. 2b–c).
Atthispoint,thebuoyancyofthecontinentalcrustchokesthe
subduction process, which dramatically slows it down. After
about 7Myr since the arrival of the continent at the trench
(see Fig. 2a panel 12.6 Myr), the slab starts showing the ﬁrst
indications of necking and eventually it breaks because of the
interaction of the two opposite forces: the pull of the oceanic
slab at the depth and the buoyancy of the shallow continen-
tal crust (phase 4). During this last phase, the trench motion
slightly increases its velocity for a short period and then it
completely stops (Fig. 2c). The break-off occurs after about
13Myr from the collision and the continent reaches its max-
imum depth of ∼160km. The amount of advance is about
100km from 5 to 22Myr (Fig. 2b).
Results from the continental model (C4) with an increased
maximum viscosity value of 1024 Pas and µ = 0.1 are shown
in Fig. 3. Although, in comparison to model C1, the cold
parts of the slabs become stronger, and material near the
surface has a reduced strength due to the depth-dependent
yield strength. Compared to C1, the amount of retreat in the
ﬁrst phases of subduction is larger. This is mostly due to the
lower yield strength at the surface, which reduces the effec-
tive viscosity of the plate in the bending zone where stresses
are higher. The collision occurs after about 7Myr since sub-
duction started and the trench begins to advance (Fig. 3).
The slab starts necking at about 16Myr, and it breaks af-
ter 25 Myr. The trench advance is clearly accelerated dur-
ing this phase (Fig. 3b–c). The continental crust arrives at a
depth of almost 200km (Fig. 3a). Compared to C1, it takes
longer for the slab to break because the higher maximum
viscosity makes the slab stronger. Moreover, the continental
crust arrives about 40km deeper compared to C1, mostly be-
cause the lower yield strength at the surface allows for easier
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Fig. 3. Results of the model C4 (ηmax=1024 Pas and µ = 0.1): (a) viscosity plots of the model evolution; arrows show the velocity ﬁeld.
Thick arrows indicate the trench position at each time step; the dotted line shows the trench position at the beginning of the model. (b) Trench
position and (c) trench velocity during model evolution. Dashed lines correspond to panels of the viscosity plots in (a). Negative velocity
indicates trench retreating. Different colours and symbols indicate the four different subduction phases: black triangles (phase 1), magenta
squares (phase 2), grey diamonds (phase 3) and blue dots (phase 4).
bendingand,therefore,favoursthesubduction.Inthismodel,
the amount of advance is about 220km in 20Myr (Fig. 3b).
When the reference model C1 is compared to model O1,
with a purely oceanic lithosphere but otherwise the same rhe-
ological parameters of C1, signiﬁcant differences are evident
(Fig. 4). In the ﬁrst two phases of subduction (sinking of the
slab and unbending), the dynamics of the system is the same.
Figure 4d–e shows that trench positions and velocities are al-
most identical until about 4Myr. In model C1, 4Myr corre-
sponds to the arrival of the continental plateau to the bending
zone close to the trench. At this stage, the direction of trench
migration in the two models is opposite: the trench starts to
advance in models C1, whereas, in model O1, it keeps re-
treating. Comparing O1 with all the other oceanic subducting
plate models (Fig. 5), we observe that the amount of retreat
and trench velocity slightly change because of the difference
in the slab strength due to the variations of the rheological
parameters, but the overall subduction dynamics remains un-
changed.
Continental models with a ﬁxed overriding plate and
ηmax = 1023 Pas (C5 and C6) show qualitatively the same
advancing behaviour when collision occurs (Fig. 5a). The
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Fig. 4. (a-b-c) Viscosity plots of purely oceanic subducting plate model O1; arrows show the velocity ﬁeld. Thick arrows indicate the trench
position at each time step. Comparison between model C1 (red dots) and O1 (blue squares): (d) Trench migration and (e) trench velocity
(negative velocity indicates trench retreating) during model evolution.
far end of the overriding plate is not free to move, but still
the trench is able to retreat and advance over about 40km
in response to the dynamics of the system. This is due to
internal deformation of the overriding plate. This scenario
does not occur in the models with a stronger lithosphere with
ηmax = 1024 Pas (C7 and C8), because the overriding plate is
too strong to deform. In that case, the trench is thus almost
stationary during every phase of subduction (Fig. 5b).
4 Discussion
4.1 Dynamics of continental slab migration
Despite different rheological parameters, all model calcula-
tions of continental subduction show the same kinematic be-
haviour (Fig. 6b), in which the trench starts to advance once
the continent arrives at the subduction zone. The advanc-
ing mode in continental collision scenarios is at least partly
driven by an intrinsic feature of the system (Fig. 7). The lock-
ing of the subduction zone on arrival of the continent at the
trench induces the deepest part of the slab to move back-
wards, and the slab to progressively steepen. This, in turn,
triggers a return ﬂow below the slab creating a small-scale
cell that drives the subducting plate towards the overriding
plate and results in an advancing margin (Fig. 7). This pro-
cess pursues until the slab reaches a vertical position. The
lower the slab angle is before the continental plateau arrives
at the trench, the more advance is obtained for the slab to
reach its vertical position. The total amount of advance de-
pends on the dip of the slab before the collision. For example,
in model C4 the slab is ﬂatter than in C1, and therefore the
post-collisional advance is larger (Figs. 2 and 3).
After the vertical position is reached, the advance velocity
decreases. Later, we observe a new peak in the trench ve-
locity plots due to slab detachment (Figs. 2c and 3c). Over
time, the slab weakens thermally, starts stretching, and even-
tually leads to slab necking and break-off (see van Hunen and
Allen, 2011, for a more detailed discussion of slab break-off
conditions). After slab detachment, the trench motion stops
a few million years later. During stretching of the slab and,
eventually, the break-off, the deepest part of the slab is al-
lowed to sink and this activates again the small-scale ﬂow
circuit. In particular, one vigorous convection cell forms be-
low the slab and a weaker one above the slab (Fig. 7c).
The induced mantle circulation can exert shear tractions at
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Fig. 5. Trench migration for all models of the parametric study with (a) maximum viscosity ηmax = 1023 Pas, (b) ηmax = 1024 Pas, (c)
friction coefﬁcient µ = 0 and (d) µ=0.1. Grey and black lines indicate the purely oceanic subduction, whereas the coloured lines are for
continental models: red (ηmax = 1023 Pas) and orange (ηmax = 1024 Pas) are free overriding plate models; purple (ηmax = 1023 Pas) and
magenta (ηmax = 1024 Pas) are models with a ﬁxed overriding plate. Dashed lines show models with µ = 0, whereas solid lines are for
models with µ = 0.1.
the base of nearby plates (Conrad and Lithgow-Bertelloni,
2002). This leads to a new “pulse” of advance (Figs. 2c and
3c) and an overturning of the slab (Fig. 7). The resulting ge-
ometry of our models during slab detachment resembles that
of the experimental results in Regard et al. (2008) where the
return ﬂow during the break-off leads to slab overturning.
Furthermore, during the stretching and subsequent slab
break-off, the buoyant, previously subducted, continental
material starts rising to the surface (Fig. 7). This exhumed
continental material between the plates pushes them apart,
thereby promoting trench migration (Brun and Faccenna,
2008). The weaker the lithosphere is, the more the ex-
humation is accommodated by internal plate deformation,
whereas, for stronger lithosphere, the exhumation leads to
a larger divergence of the overriding plates. Indeed, the in-
crease of velocity in the trench motion is more evident in
model C4 than in the other continental models (Fig. 6).
Although our numerical models are not intended to re-
produce the detailed behaviour of any particular subduction
zone, obtained results are able to highlight some key fea-
tures of continental collision. Tomographic images beneath
continental collisions show that slabs are steep and often
detached (e.g. India, Replumaz et al 2004; Northern Apen-
nines, Lucente et al., 1999; Faccenna et al., 2001; Piromallo
and Morelli, 2003; Carpathians, Wortel and Spakman, 2000;
Alps, Piromallo and Faccenna, 2004; Spakman et al., 2004).
Furthermore, the values of advance we obtained in our model
(50–220km; Fig. 6a) are consistent with the amount of mi-
gration of the deformed belt recorded in the Arabia-Eurasia
system (50-150 km; Hatzfeld and Molnar, 2010). On the
other hand, our kinematic results cannot explain all of the
advancing motion in the India-Eurasia collision (more than
1000km in 50 Ma) (Matte et al, 1997; Replumaz et al., 2004;
Guillot et al., 2003). Hence, it is likely that external forces
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Fig. 6. (a) Amount of advance for all continental models grouped by the changing parameters: free op = free overriding plate, ﬁx op = ﬁxed
overriding plate. ηmax is the maximum viscosity and µ is the friction coefﬁcient.(b) is trench migration of all continental models.
play a role, such as the pull of neighbouring slabs (Li et al.,
2008), or the drag exerted on the base of the lithosphere by
a large-scale, convective “conveyor mantle belt” (Becker and
Faccenna, 2011; Cande and Stegman, 2011).
4.2 Model limitations
Models with the friction coefﬁcient µ = 0.1, i.e. a depth-
dependent yield strength, show a larger amount of both re-
treating and advance (Fig. 6a) than the ones with a con-
stant (high) yield strength. This is because the lithosphere
can more easily deform near the weak surface. In our mod-
els, the lithosphere is not free to move vertically since we
use a free slip boundary condition for the surface. Therefore,
a weaker lithosphere (with µ = 0.1) is probably more appro-
priate to overcome this simpliﬁcation (see Enns et al., 2005;
Di Giuseppe et al., 2008 for more details). We observe that
in all models the amount of retreat during the oceanic sub-
duction and the advance during continental subduction are
approximately the same. This is because, when the slab ar-
rives at the bottom boundary, it is almost vertical and its dip
decreases (slightly in model C1 and dramatically in model
C4) (Figs. 2 and 3) during the retreating phase. Then, the ad-
vancing phase continues until the vertical position is reached
again (and a little after that, especially in model C4) and,
therefore, approximately at the position of the trench in the
early stage of the model. Moreover, models with a ﬁxed over-
riding plate and ηmax = 1024 Pas show no trench motion, be-
cause the strength of the lithosphere is too high to deform
it. However, internal lithospheric deformation is common in
collisional settings (as expressed in e.g. back-arc basins and
orogeny). Modelling results are difﬁcult to directly export to
a natural system, given the several assumptions made in the
models (such as absence of possible external forces). Keep-
ing in mind these assumptions, however, we propose that a
viscosity of 1024 Pas as too high to model the effective vis-
cosity of Earth’s lithosphere.
The mantle ﬂow patterns that lead to the trench advance
in our models are two-dimensional. To test the effect of the
toroidal ﬂow around the slab edges, we run some prelimi-
nary 3-D models of continental subduction and we found the
same advancing behaviour. Furthermore, in our models we
do not change the length of the oceanic slab, whereas in nat-
ural cases continental collision might occur after a long-lived
oceanic subduction. However, we expect that the dynamics
of the system would not change with a longer oceanic slab.
Though, this might have an effect on the amount of trench
migration, since the dip of the slab once the continent arrives
at the trench might be different. Finally, in our models we as-
sume that the discontinuity between upper and lower mantle
is an impermeable barrier, whereas in nature slabs can pen-
etrate and might become anchored in the lower mantle. This
is likely to have an effect on the dynamics of subduction and,
therefore, on trench migration. However, even taking into ac-
count the presence of the lower mantle, the advancing mode
isstillexpectedsincethemechanismsdescribedabovewould
still occur.
5 Conclusions
We performed a parametric numerical study to investigate
the intrinsic effects of continental subducting lithosphere on
trench migration. Our model results show how trenches can
start advancing when continental collision occurs. These re-
sults are consistent with natural collisional zones such as
Arabia-Eurasia and India-Eurasia, where the advancing style
is recorded in geological features. We propose that the ad-
vancing mode is induced by return ﬂow triggered by the
lock of the subduction zone and the following steepening of
the slab generating a small-scale convection cell. The same
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Fig. 7. Schematic evolution of the continental models C1 (left column) and its viscosity plot in the column on the right (the continental
material is outlined in white): (a) during oceanic subduction the trench retreats; (b) the continental collision causes the lock of the subduction
zone and a consequent steepening of the slab; (c) the formation of small-scale convection cells and the exhumation of the buoyant continental
material cause the advance of the trench after continental collision and during the slab detachment.
process activates again when the deepest oceanic part of the
slab sinks, thanks to the stretching and, then, the detachment
of the slab, resulting in a last pulse of advance. Moreover, we
found that the total amount of advance depends on the dip
of the slab before the collision: the lower the slab angle is
before the continental plateau arrives at the trench, the more
the trench advances. Advancing behaviour is observed with-
out imposing any external forces, and over distances similar
to those observed for the Arabia-Eurasia collision. These re-
sults show that there is not necessarily a need to invoke exter-
nal plate-driving forces to explain the migration of the sub-
duction zone towards the overriding plate during continental
collision.
Acknowledgements. We thank reviewers C. Conrad and R. Pyskly-
wec and the editor S. Buiter for their helpful and constructive
reviews that signiﬁcantly improve the manuscript. This research
was supported by the European Young Investigators (EURYI)
Awards Scheme (Eurohorcs/ESF including funds the National
Research Council of Italy). Models presented in this paper have
been realized thanks to the CASPUR HPC Standard Grant 2011.
Special Issue: “Subduction zones”
Edited by: S. Buiter, F. Funiciello, and J. van Hunen
www.solid-earth.net/3/293/2012/ Solid Earth, 3, 293–306, 2012304 V. Magni et al.: Numerical models of slab migration
References
Ballmer, M. D., vanHunen, J., Ito, G., Tackley, P. J., and Bianco,
T. A.: Non-hotspot volcano chains originating from small-scale
sublithospheric convection, Geophys. Res. Lett., 34, L23310,
doi:10.1029/2007GL031636, 2007.
Beaumont, C., Ellis, S., Hamilton, J., and Fullsack, P.: Mechani-
cal model for subduction-collision tectonics of Alpine-type com-
pressional orogens. Geology, 24, 675–678, 1996.
Becker, T. W. and Faccenna, C.: Mantle conveyor beneath the
Tethyan collisional belt, Earth Planet. Sci. Lett., 310, 453–461,
2011.
Bellahsen, N., Faccenna, C., and Funiciello, F.: Dynamics of sub-
duction and plate motion in laboratory experiments: insights into
the “plate tectonics” behavior of the Earth, J. Geophys. Res., 110,
B01401, doi:10.1029/2004JB002999, 2005.
Bialas, R. W., Funiciello, F., and Faccenna, C.: Subduction and ex-
humation of continental crust: insights from laboratory models,
Geophys. J. Int., 184, 43–64, 2010.
Billen, M. I. and Gurnis, M.: A low viscosity wedge in subduction
zones, Earth Planet. Sci. Lett., 193, 227–236, 2001.
Brun, J. P. and Faccenna, C.: Exhumation of high-pressure rocks
driven by slab rollback, Earth Planet. Sci. Lett., 272, 1–7, 2008.
Byerlee, J. D.: Friction of rocks, Pure Appl. Geophys., 116, 615–
626, 1978.
Cande, C. and Stegman, D. R.: Indian and African plate motions
driven by the push force of the R´ eunion plume head, Nature, 475,
47–52, 2011.
Capitanio, F., Morra, G., Goes, S., Weinberg, R. F., and Moresi, L.:
India–Asia convergence driven by the subduction of the Greater
Indian continent, Nat. Geosci., 3, 136–139, 2010a.
Capitanio, F. A., Stegman, D. R., Moresi, L. N., and Sharples, W.:
Upper plate controls on deep subduction, trench migrations and
deformations at convergent margins, Tectonophysics, 483, 80–
92, 2010b.
Carlson, R. L. and Melia, P. J.: Subduction hinge migration, edited
by: Carlson, R. L. and Kobayashi, K., Tectonophysics, 102, 1–
16, 1984.
Carminati, E., Wortel, M. J. R., Spakman, W., and Sabadini, R.: The
role of slab detachment processes in the opening of the western-
central Mediterranean basins: some geological and geophysical
evidence, Earth Planet. Sci. Lett., 160, 651–655, 1998.
Chemenda, A. I., Burg, J. P., and Mattauer, M.: Evolutionary model
of the Himalaya-Tibet system: Geopoem based on new mod-
elling, geological and geophysical data, Earth Planet. Sci. Lett.,
174, 397–409, 2000.
Chemenda, A. I., Mattauer, M., and Bokun, A. N.: Continental Sub-
duction and a mechanism for exhumation of highpressure meta-
morphic rocks: new modeling and ﬁeld data from Oman, Earth
Planet. Sci. Lett., 143, 173–182, 1996.
Cloos, M. N.: Lithospheric buoyancy and collisional orogenesis:
subduction of oceanic plateaus, continental margins, island arcs,
spreading ridges and seamounts, Geol. Soc. Am. Bull., 105, 715–
737, 1993.
Conrad, C. P. and Lithgow-Bertelloni C.: How mantle slabs drive
plate tectonics, Science, 298, 207–209, 2002.
Davies, J. H. and von Blanckenburg, F.: Slab breakoff: A model
of lithosphere detachment and its test in the magmatism and de-
formation of collisional orogens, Earth Planet. Sci. Lett., 129,
85–102, 1995.
De Franco, R., Govers, R., and Wortel, R.: Dynamics of continental
collision: inﬂuence of the plate contact, Geophys. J. Int., 174,
1101–1120, 2008.
Di Giuseppe, E., Faccenna, C., Funiciello, F., van Hunen, J., and
Giardini, D.: On the relation between trench migration, seaﬂoor
age, and the strength of the subducting lithosphere, Lithosphere,
1, 121–128, 2009.
Di Giuseppe, E., van Hunen, J., Funiciello, F., Faccenna, C., and Gi-
ardini, D.: Slab stiffness control of trench motion: insights from
numerical models, Geochem. Geophys. Geosyst., 9, Q02014,
doi:10.1029/2007GC001776, 2008.
Duretz, T., Gerya, T. V., and May, D. A.: Numerical modelling of
spontaneous slab breakoff and subsequent topographic response,
Tectonophysics, 502, 244–256, 2010.
Elsasser, W. M.: Convection and stress propagation in the upper
mantle, The Application of Modern Physics to the Earth and
Planetary Interiors, edited by: Runcorn, S. K., 223–246, Wiley-
Interscience, New York, 1969.
Enns, A., Becker, T. W., and Schmeling, H.: The dynamics of sub-
duction and trench migration for viscosity stratiﬁcation, Geo-
phys. J. Int., 160, 761–775, 2005.
Faccenna, C., Becker, T. W., Lucente, F. P., and Rossetti, F.: His-
tory of subduction and back-arc extension in the central Mediter-
ranean, Geophys. J. Intern., 145, 1–21, 2001.
Faccenna, C., Bellier, O., Martinod, J., Piromallo, C., and Regard,
V.: Slab detachment beneath eastern Anatolia: A possible cause
for the formation of the North Anatolian fault, Earth Planet. Sci.
Lett., 242, 85–97, 2006.
Faccenna, C., Piromallo, C., Crespo-Blanc, A., Jolivet, L.,
and Rossetti, F.: Lateral slab deformation and the origin
of the western Mediterranean arcs, Tectonics, 23, TC1012,
doi:10.1029/2002TC001488, 2004.
Ferrari, L.: Slab detachment control on maﬁc volcanic pulse and
mantle heterogeneity in central Mexico, Geology, 32, 77–80,
2004.
Forsyth, D. W. and Uyeda, S.: On the relative importance of the
driving forces of plate motion, Geophys. J. R. Astr. Soc., 43,
163–200, 1975.
Funiciello, F., Faccenna, C., Giardini, D., and Regenauer-Lieb,
K.: Dynamics of retreating slabs (part 2): insights from
3D laboratory experiments, J. Geophys. Res., 108, 2207,
doi:10.1029/2001JB000896, 2003a.
Funiciello, F., Morra, G., Regenauer-Lieb, K., and Giar-
dini, D.: Dynamics of retreating slabs (part 1): insights
from numerical experiments, J. Geophys. Res., 108, 2206,
doi:10.1029/2001JB000898, 2003b.
Garfunkel, Z., Anderson, C. A., and Schubert, G.: Mantle circu-
lation and the lateral migration of subducted slabs, J. Geophys.
Res., 91, 7205–7223, 1986.
Gogus, O. H., Pysklywec, R. N., Corbi, F., and Faccenna, C.: The
surface tectonics of mantle lithosphere delamination following
ocean lithosphere subduction: Insights from physical-scaled ana-
logue experiments, Geochem. Geophy. Geosyst., 12, Q05004,
doi:10.1029/2010GC003430, 2011.
Guillot, S., Garzanti, E., Baratoux, D., Marquer, D., Maheo, G.,
and de Sigoyer, J.: Reconstructing the total shortening history
of the NW Himalaya, Geochem. Geophys. Geosyst., 4, 1064,
doi:10.1029/2002GC000484, 2003.
Solid Earth, 3, 293–306, 2012 www.solid-earth.net/3/293/2012/V. Magni et al.: Numerical models of slab migration 305
Hafkenscheid, E., Wortel, M. J. R., and Spakman, W.: Subduc-
tion history of the Tethyan region derived from seismic tomogra-
phy and tectonic reconstructions, J. Geophys. Res., 111, B08401,
doi:10.1029/2005JB003791, 2006.
Hall, R. and Spakman, W.: Subducted slabs beneath the eastern
Indonesia-Tonga region: insights from tomography, Earth Planet.
Sc. Lett., 201, 321–336, 2002.
Hall, R.: Cenozoic geological and plate tectonic evolution of
SE Asia and the SW Paciﬁc: Computer-based reconstructions,
model and animations, J. Asian Earth Sci., 20, 353–431, 2002.
Hatzfeld, D. and Molnar, P.: Comparison of the kinematics and deep
structures of the Zagros and Himalaya and of the Iranian and
Tibetan plateaus and geodynamic implications, Rev. Geophis.,
48, 1–48, 2010.
Heuret, A. and Lallemand, S.: Plate motions, slab dynamics and
back-arc deformation. Phys. Earth Planet. Inter., 149, 31–51,
2005.
Hirth, G. and Kohlstedt, D. L.: The rheology of the upper mantle
wedge: a view from experimentalists. The Subduction Factory,
American Geophysical Union, Washington D. C, 83–105, 2003.
Jarrard, R. D.: Relations among subduction parameters, Rev. Geo-
phys., 24, 217–284, 1986.
Karato, S. and Wu, P.: Rheology of the upper mantle: a synthesis,
Science, 260, 771–778, 1993.
Kerr, A. C. and Tarney, J.: Tectonic evolution of the caribbean and
northwestern south america: the case for accretion of two late
cretaceous oceanic plateaus, Geology, 33, 269–272, 2005.
Keskin, M.: Magma generation by slab steepening and breakoff
beneath subduction-accretion complex: an alternative model for
collision-related volcanism in Eastern Anatolia, Turkey, Geo-
phys. Res. Lett., 30, 1–4, 2003.
Knesel, K. M., Cohen, B. E., Vasconcelos, P. M., and Thiede, D.
.: Rapid change in drift of the Australian plate records collision
with Ontong Java plateau, Nature, 454, 754–757, 2008.
Korenaga, J. and Karato, S. I.: A new analysis of experimen-
tal data on olivine rheology., J. Geophys. Res., 113, B02403,
doi:10.1029/2007JB005100, 2008.
Lei, J. and Zhao, D.: Teleseismic evidence for a break-off subduct-
ing slab under Eastern Turkey, Earth Planet. Sci. Lett., 257, 14–
28, 2007.
Li, C., van der Hilst, R. D., Meltzer, A. S., and Engdahl, E. R.:
Subduction of the Indian lithosphere beneath the Tibetan Plateau
and Burma, Earth Planet. Sci. Lett., 274, 157–168, 2008.
Lucente, F. P., Chiarabba, C., Cimini, G. B., and Giardini, D.: To-
mographic constraints on the geodynamic evolution of the italian
region, J. Geophys. Res., 104, 20307–20327, 1999.
Mann, P. and Taira, A.: Global tectonic signiﬁcance of the Solomon
Islands and Ontong Java Plateau convergent zone, Tectono-
physics, 389, 137–190, 2004.
Matte, P., Mattauer, M., Jolivet, J. M., and Griot, D. A.: Continental
subductions beneath Tibet and the Himalayan orogeny: a review,
Terra Nova, 9, 264–270, 1997.
McKenzie, D. P.: Speculations on the Consequences and Causes of
Plate Motions, Geophys. J. R. Astr. Soc., 18, 1–32, 1969.
Moresi, L. N. and Gurnis, M.: Constraints on the lateral strength of
slabs from three dimensional dynamic ﬂow models, Earth Planet.
Sci. Lett., 138, 15–28, 1996.
Petterson, M. G., Neal, C. R., Mahoney, J. J., Kroenke, L. W.,
Saunders, A. D., Babbs, T. L., Duncan, R. A., Tolia, D., and
McGrail, B.: Structure and deformation of north and central
Malaita, Solomon Islands: tectonic implications for the Ontong
Java Plateau-Solomon arc collision, and for the fate of oceanic
plateaus, Tectonophysics, 283, 1–33, 1997.
Piromallo, C. and Faccenna, C.: How deep can we ﬁnd the traces of
Alpine subduction?, Geoph. Res. Lett., 31, L06605, doi:10.1029/
2003GL019288, 2004.
Piromallo,C.andMorelli,A.:P-wavetomographyofthemantleun-
der the Alpine-Mediterranean area, J. Geophys. Res., 108, 2065,
doi:10.1029/2002JB001757, 2003.
Qin, J., Lao, S., and Li, Y.: Slab breakoff model for the Triassic
post-collisional adakitic granitoids in the Qinling Orogen, Cen-
tral China: zircon U–Pb Ages, geochemistry, and Sr–Nd–Pb iso-
topic constraints, Intern. Geol. Rev., 50, 1080–1104, 2008.
Ranalli, G., Pellegrini, R., D’Ofﬁzi, S., Time dependence of nega-
tive buoyancy and subduction of continental lithosphere, J. Geo-
dynam., 30, 539–555, 2000.
Regard, V., Faccenna, C., Bellier, O., and Martinod, J.: Laboratory
experiments of slab break-off and slab dip reversal: insight into
the Alpine Oligocene reorganization, Terra Nova, 20, 267–273,
2008.
Regard, V., Faccenna, C., Martinod, J., Bellier, O., and Thomas,
J.-C.: From subduction to collision: control of deep processes
on the evolution of convergent plate boundary, J. Geophys. Res.,
108, 2208, doi:10.1029/2002JB001943, 2003.
Replumaz, A., K´ arason, H., van der Hilst, R. D., Besse, J., and Tap-
ponnier, P.: 4-D evolution of SE Asia’s mantle from geological
reconstructionsandseismicTomography,EarthPlanet.Sci.Lett.,
221, 103–115, 2004.
Replumaz, A., Negredo, A. M., Villase˜ nor, A., and Guillot, S.: In-
dian continental subduction and slab break-off during Tertiary
collision, Terra Nova, 22, 290–296, 2010.
Royden., L. H.: The tectonic expression slab pull at continental con-
vergent boundaries, Tectonics, 12, 303–325, 1993.
Spakman, W. and Wortel, R.: A tomographic view on western
Mediterranean geodynamics, in: The TRANSMED Atlas: The
Mediterranean region from crust to mantle, edited by: Cavazza,
W., Roure F., Spakman W., Stampﬂi G. M., and Ziegler, P.,
Springer, Berlin, Heidelberg, New York, 31–52, 2004.
Stegman, D. R., Freeman, J., Schellart, W. P., Moresi, L., and May,
D.: Inﬂuence of trench width on subduction hinge retreat rates
in 3-D models of slab rollback, Geochem. Geophys. Geosyst., 7,
Q03012, doi:10.1029/2005GC001056, 2006.
Toussaint, G., Burov, E., and Jolivet, L.: Continental plate collision:
Unstable vs. stable slab dynamics, Geology, 32, 33–36, 2004.
Turcotte, D. L. and Schubert, G.: Geodynamics, Applications of
Continuum Physics to Geological Problems, Second Edition,
Cambridge University Press, 2002.
van den Beukel, J. and Wortel, R.: Temperatures and shear stresses
in the upper part of subduction zone, Geophys. Res. Lett., 14,
1057–1060, 1987.
van Hinsbergen, D. J. J., Steinberger, B., Doubrovine, P. V., and
Gassmoller, R.: Acceleration and deceleration of India-Asia
convergence since the Cretaceous: Roles of mantle plumes
and continental collision, J. Geophys. Res., 116, B06101,
doi:10.1029/2010JB008051, 2011.
van Hunen, J. and Allen, M. B.: Continental collision and slab
break-off: A comparison of 3-D numerical models with obser-
vations, Earth Planet. Sci. Lett., 302, 27–37, 2011.
www.solid-earth.net/3/293/2012/ Solid Earth, 3, 293–306, 2012306 V. Magni et al.: Numerical models of slab migration
Vos, I. M. A., Bierlein, F. P., and Phillips, D.: The Palaeozoic
tectonometallogenic evolution of the northern Tasman Fold Belt
System, Australia: interplay of subduction rollback and accre-
tion, Ore Geol. Rev., 30, 277–296, 2007.
Willett, S., Beaumont, C., and Fullsack, P.: A mechanical model for
the tectonics of doubly-vergent compressional orogens: Geology,
21, 371–374, 1993.
Wong-A-Ton, S. Y. M. and Wortel, M. J. R.: Slab detachment in
continental collision zones: an analysis of controlling parame-
ters, Geophys. Res. Lett., 24, 2095–2098, 1997.
Wortel, M. J. R. and Spakman, W.: Structure and dynamics of sub-
ducted lithosphere in the Mediterranean region, Proc. K. Ned.
Akad. Wet., 95, 325–347, 1992.
Wortel, M. J. R. and Spakman, W.: Subduction and slab detachment
in the Mediterranean-Carpathian region, Science, 290, 1910–
1917, 2000.
Zhong, S., Zuber, M. T., Moresi, L. N., and Gurnis, M.: The role
of temperature dependent viscosity and surface plates in spher-
ical shell models of mantle convection, J. Geophys. Res., 105,
11063–11082, 2000.
Solid Earth, 3, 293–306, 2012 www.solid-earth.net/3/293/2012/